Abstract: Excitotoxicity produced by excessive stimulation of glutamate receptors is known to lead to neuronal lesion and death. Here, we demonstrate that quantitative and qualitative changes in cathepsin E (CE) gene products are associated with execution of the excitotoxic neuronal death. lntracerebroventricular injection of kainate (KA) resulted in marked elevation of both mRNA and protein levels of CE in the rat hippocampal CA3 region, where the enzyme was mainly found in vulnerable neurons and activated microglia. Northern blot analysis showed that the size of the transcript for CE was identical with that normally expressed in rat spleen. Immunoblot analysis, however, revealed the predominant occurrence of the highly modified CE species, besides the mature CE. This polypeptide was distinct from the mature CE in molecular masses (106 vs. 82 kDa) and p1(6.4-7.3 vs. 5.0-5.5) and showed resistance to conversion into the enzymatically active form by acid treatment. Consistent with these in vivo results, administration of glutamate to primary cultured rat hippocampal neurons resulted in a marked expression of this novel CE species. These data indicate that excessive stimulation of glutamate receptors causes induction of the CE gene response followed by persistent expression of CE in the novel form, besides its mature form, predominantly in the hippocampal neurons.
There is accumulating evidence that proteinase cascades are part of the basic machinery of neuronal death pathways. Recent studies have demonstrated that some members of the caspase (ced-3 /interleukin-1/3 converting enzyme) family of cysteine proteinases play a major role in neuronal death induced by ischemia and excitotoxins as inhibitors of the caspase family suppressed both their proteolytic activities and neuronal death (Du et al., 1997; Hara et al., 1997) . Calpain, a calcium-dependent cysteine proteinase, has also been demonstrated to be a mediator of neurodegenerative responses to ischemic and excitotoxic injuries, as shown by cleavage of fodrin (Seubert et al., 1988 (Seubert et al., , 1989 Siman and Noszek, 1988; Saido et al., 1993) and by attenuation of neuronal death by calpain inhibitors (Lee et al., 1991; Wang et al., 1996) . Furthermore, it has been reported that extracellular proteolytic cascades mediated by tissue plasminogen activator/plasmm are involved in excitotoxic injury of the hippocampal neurons (Tsirka et al., 1995; Chen and Strickland, 1997) . Recently, activities of lysosomal hydrolases have been shown to be increased in neurons in response to neurodegeneration (Nakanishi et al., , 1994 (Nakanishi et al., , 1997 Amano et al., 1995; Hetman et al., 1995; Nitatori, 1995; Kohda et al., 1996; Hill et al., 1997) , but it is not yet clear whether these enzymes are positively associated with the execution of neuronal death.
Cathepsin E (CE; BC 3.4.23.34) is a nonlysosomal aspartic proteinase that has a limited distribution in certain cell types such as gastric cells, erythrocytes, and osteoclasts (Sakai et al., 1989; Saku et al., 1991; Nishishita et al., 1996; Yoshimine et al., 1996) , differing from another intracellular aspartic proteinase, cathepsin D (CD; EC 3.4.23.5) , that is widely distributed as a typical lysosomal enzyme in almost all mammalian cells, including neuronal cells (Yokota and At-•sumi, 1983; Snyder et al., 1985; Sakai et al., 1989) . In the rat brain, CE was barely detectable in any brain region in embryonic stages and slightly distributed into only a small number of neurons of the young adult rat, such as pyramidal cells of the hippocampus, large pyramidal cells of the cerebral cortex, and Purkinje cells of the cerebellum, whereas it was increasingly expressed in degenerating neurons, as well as activated microglial cells, in aged and ischemic brains (Nakanishi et al., , 1994 (Nakanishi et al., , 1997 Amano et al., 1995; Sastradipura et al., 1998) . These observations suggest that the cellular level of CE is strictly regulated at both transcriptional and translational levels and that its function is different from that of CD. Although neuronal injury and death found in aged and ischemic brains are considered to result from excitotoxic damage produced by excessive stimulation of glutamate receptors (for reviews, see references in Shwarcz et al., 1984; Rothman and Olney, 1987; Choi, 1988; Meldrum, 1993) , no information is available on the role of CE in the excitotoxic neuronal death process. Here, we report evidence for quantitative and qualitative alterations of CE gene products during excitotoxin-induced degeneration of the hippocampal neurons. A brief report of the present results has appeared previously (Tominaga et al., 1995) .
MATERIALS AND METHODS

Materials
Antibodies against purified rat CE (Yamamoto et al., 1978) and CD (Yamamoto et al., 1979) were raised in rabbits and purified by affinity chromatography as described previously (Yamamoto et al., 1985) . Polyclonal antibodies against the synthetic peptide Ser-Gln-Leu-Ser-Glu-Phe-TrpLys-Ser-His-Asn-Leu-Asp-Met, which corresponds to the prosequence comprising residues Ser 23-Met36 of human proCE, were raised in rabbits and purified on the peptideSepharose affinity column. The purified antibodies crossreacted with proCE only. Antibodies recognizing microglia (0X42) and glial fibrillary acid protein (GFAP) were purchased from Serotec Ltd. (U.K.) and Dako Japan Co., Ltd. (Japan), respectively. The monoclonal antibody to microtubule-associated protein 2 (MAP2) and goat antibodies against rabbit IgG conjugated with Texas red or fluorescein isothiocyanate were purchased from Amersham Japan Co., Ltd. (Japan). Kainate (K A), glutamate (GLU), and pentylenetetrazole (PTZ) were purchased from Sigma Chemical Co. (U.S.A.). All other reagents were of the highest purity available.
Animals and treatments
Male Wistar rats (weighing 180-220 g) were anesthetized with an intraperitoneal injection of sodium pentobarbital (40 mg/kg) and mounted on a stereotaxic instrument. Craniotomy holes were drilled. Then, KA (0.7~tg/~l) was injected into the right lateral ventricle (1.5 mm posterior to bregma, 0.5 mm lateral to the midsagittal sinus, and 3.5 mm ventral to the surface of the skull) by using a b-be1 Hamilton microsyringe attached with a glass micropipette (tip diameter, 20-30 btm). The injection rate was 1~.el/min,and the injection syringe was kept in place for a further 5-mm period after injection. After KA injection, diazepam (2.5 mg/kg) was intraperitoneally administered into animals to avoid death by vigorous convulsive seizures. Under these conditions, this dosage of KA produced generalized convulsions. A control saline-injected animal was perfused at each of the abovementioned times.
Electrophysiology
Extracellular recordings were obtained from hippocampal slice preparations that were prepared from rats at various times after intracerebroventricular (i.c.v.) injection of KA to examine functional changes in the hippocampal neurons. The detailed procedure for slice preparation and methods for electrophysiological recordings have been described elsewhere (Nakanishi et al., 1996) . The averageof four consecutive responses was displayed on a digital storage oscilloscope and plotted on an x-y plotter. After electrophysiological examination, some slices were immersed in 4% paraformaldehyde and kept overnight at 4°C.After washing, slices were embedded in 5% low-melting-point agarose and cut by a Microslicer (DTK-3000; Dosaka EM, Japan) into 60-bern sections parallel to the surface. The sections were then stained with cresyl violet.
Immunohistochemistry
The detailed immunohistochemical procedure was described elsewhere (Nakanishi et al., , 1994 (Nakanishi et al., , 1997 Amano et al., 1995) . In brief, floating sections (40~m thick) of the hippocampus were prepared by a cryostat and stained by anti-GFAP antibody (dilution, 1:2,000), 0X42 (1:200), anti-CE IgG (0.5~g/ml), or anti-CD lgG (1.55 ,ug/ml) with the avidin-biotin-peroxidase complex method using a Vectastain kit (Vector Laboratory, U.S.A.). The primary cultured hippocampal neurons were also analyzed by indirect double immunofluorescence staining with anti-CE IgG (2.0 mg/ml) and anti-MAP2 antibody (1:500). The cultures were fixed by 2% paraformaldehyde for 30 mm at room temperature. After washing with phosphate-buffered saline, the samples were incubated with normal goat serum for 4 h at room temperature followed by a mixture of these two antibodies for overnight at 4°C.After washing with phosphate-buffered saline, the samples were incubated with a mixture of goat anti-rabbit IgG conjugated with Texas red (1:100) and horse anti-mouse IgG conjugated with fluorescein isothiocyanate (1:100). The samples were washed with phosphate-buffered saline and then coverslipped with a mounting medium (Vectashield; Vector Laboratory).
Determinations
Acid proteinase activity was determined at pH 3.8 using 1.5% acid-denatured hemoglobin as a substrate as described previously (Yamamoto et al., 1985) , and the activities of CE and CD were determined by quantitative immunoprecipitation using specific antibodies to each enzyme, as described previously (Sakai et al., 1989 ). To determine the protein level of CE, soluble extracts of the CA3 region ofthe dorsal hippocampus from control and i.c.v. KA-treated rats were prepared by ultrasonication followed by centrifugation and then subjected to an ELISA as described previously (Ichimaru et al., 1990) . Lactate dehydrogenase (LDH) activity in the culture medium and in the cell lysates was assayed by using a diagnostic kit (Sigma). The percentage of neuronal death was calculated from the following formula: % cell death = (LDH activity in the culture medium/total LDH activity) )< 100.
Cell culture
Primary cultures of hippocampal neurons were prepared from embryonic day 19 rats. The detailed procedure for primary neuronal culture has been described previously (Nakanishi et al., 1997) . The cultured hippocampal cells after 14 days were composed of MAP2-positive neurons (>80%) and GFAP-positive astrocytes (<20%) and used for the following experiments. The culture cells were exposed to I mM GLU or 20 mM PTZ at room temperature in Tris-buffered solution (116mM NaCl, 5.4 mM KC1, 0.1 mM Mg 2SO4, 1.8 mM CaCI2, 0.9 mM NaH2PO4, 26.2 mM NaHCO3, 27.8 mM glucose, 35 mM sucrose, 0.01 mM glycine, and 25 mM Tris-HC1, pH 7.4). After 10 mm of exposure, the culture cells were quickly placed in a CO2 incubator. In some experiments, the culture was deprived of serum for 4 days to generate the neuronal lesion and death.
Isolation of RNA and northern blotting
The rnRNAs from the CA3 region of the dorsal hippocampus from control and icy. KA-treated rats, as well as normal rat spleen, were prepared by using the Quick Prep Micro and 10 mg of salmon sperm DNA for 3 h at 42°C.The same buffer supplemented with cDNA probe specific for rat CE (Okamoto et al., 1995) , labeled by random primer (Boehringer Manheim) with [a-32P] dCTP to a specific activity of I x 10~dpm/ml, was used for hybridization. The mixture was filter-hybridized for 48 h at 42°Cand then washed once for 5 mm in 2x standard saline citrate (SSC) (lx SSC is composed of 150 mM NaC1 and 15 mM sodium citrate) at room temperature and then twice for 1 h in 2x SSC containing 1% SDS at 42°C.Finally, to estimate SDS content, the filter was washed for 5 mm at room temperature in o.ix SSC.
Autoradiography was prepared by exposing the filter to autoradiography film (Reflection; Du Pont) at -80°Cfor 7 days using an intensifying screen (Lightning Plus; Du Pont).
Electrophoresis and immunoblot analysis
For western blot analyses, soluble extracts from the CA3 subfield of the dorsolateral hippocampus from rats at various days after KA injection were eluted through a concanavalin A-Sepharose column. The adsorbed fraction was eluted with 0.5 M a-methylmannoside and concentrated. Proteins in this fraction were separated under reducing conditions in 10% SDS-polyacrylamide gels and then western blotted for 12 h at 100 V. Blots were blocked and immunostained by anti-CE or anti-proCE polyclonal antibodies as previously described (Nakanishi et al., 1994 (Nakanishi et al., , 1997 Amano et al., 1995; Sastradipura et al., 1998) . For two-dimensional gel electrophoresis, proteins were first separated by isoelectric focusing with a pH gradient of 3.5-10 and then subjected to SDS-polyacrylamide gel electrophoresis in 8-18% gradient gels. After the proteins were electrophoretically transferred to nitrocellulose membranes at 100 V for 12-15 h, the blotted membrane was immunostained by using the anti-CE antibody.
Statistical analysis
Numerical data are expressed as mean ± SD values of five to seven observations. The significance of differences between groups was determined with two-way ANOVA, followed by Scheffé' s post hoc test for multiple comparison when F ratios reached significance.
RESULTS
Physiological and histological changes in hippocampal neurons following KA treatment
Extracellular recordings were made from hippocampal slice preparations prepared from rats at various times after i.c.v. injection of KA. Population spikes were recorded from the CAl and CA3 regions following activation of the Schaffer collateral/commissural and the mossy fiber afferent pathways, respectively. The amplitude of population spikes recorded from the CA3 region was markedly decreased at 1 day after i.c.v. injection of KA (Fig. 1B) . However, population excitatory postsynaptic potentials with a relatively large amplitude were still evoked. In these slices, there was only a slight reduction in number of Nissl granules in some CA3 •hippocampal neurons (data not shown). At 3 days postinjection, there was a total loss of electrical activity in the CA3 region (Fig. IC) . On the other hand, the CA 1 population response consisting of repetitive discharges was still observed after 3 days postinjection, suggesting that CAl hippocampal neurons are alive but in a hyperexcitable state. Nissl granules in the CA3 region in these slices were totally absent, but the CA 1 hippocampal neurons and granule cells in the dentate gyms were still visualized (data not shown). These parallel electrophysiological and histological analyses strongly suggest that the majority of hippocampal CA3 neurons still retain their viability at 1 day after i.c.v. injection of KA, whereas the selective death of the CA3 pyramidal neurons is occurring at 3 days after injection.
Immunohistochemical localization of CE and CD in hippocampus of K A-treated rats
Immunostaining was used to observe the cellular distribution of CE and CD in the hippocampus after .1. Neurochem., Vol. 71, No. 6, 1998 icy. KA treatment. In the hippocampus of control rats, very little, if any, CE immunostaining was detected in a small number of neurons ( Fig. 2A and D) , whereas CD immunostaining was widely but unevenly observed in hippocampal neurons ( Fig. 2G and J) . At 1 day after i.c.v. injection of KA, CE immunostaining was dramatically enhanced in the CA3 hippocampal neurons ( Fig. 2B and E) . At this early stage, however, little or no significant change was observed for CD immunoreactivity in the hippocampus (Fig. 2H and  K) . At 1 day, numbers of ameboid-like cells positive for 0X42 and reactive GFAP-positive astrocytes were slightly increased around the CA3 region (data not shown). After 3 days after i.c.v. KA injection, the immunoreactivity of CE in the CA3 hippocampal neurons was further increased as coarse aggregates and CE-positive cells were markedly accumulated in both the stratum radiatum and orience of the CA3 region in response to neuronal degeneration ( Fig. 2C and F) .
Furthermore, it was evident that the localization of OX-42-positive microglia having short and thick processes accumulated in both the stratum radiatum and onence of the CA3 region corresponded well with that of CE-positive cells in these areas (data not shown). At this stage, numbers of CD-positive cells were also increased in the entire CA3 region (Fig. 21 and L) , and the enzyme was localized in the neurons of the stratum pyramidale and reactive glial cells localized in both the stratum radiatum and oriens. These results were consistent with our previous findings based on double immunostaining that increased CE expression occurred in 0X42-or OX6-positive activated microgha, but not in GFAP-positive reactive astrocytes, the numbers of both of which were increased in the brain FIG. 3 . Comparison between the activity and protein levels of CE in rat hippocampus after icy, injection of KA. Open columns show the activity levels of CE determined by activity measurement. Knowing the specific activity of purified rat CE (35,000 units/mg), the amount of CE per milligram of protein is calculated from the amount of enzymatic activity immunoprecipitated. Solid columns indicate the protein levels of CE measured by ELISA. Data are mean ± SD (bars) values of five to seven observations. ***p < 0.001 as compared with the control level measured by ELISA (by two-way ANOVA). tttP < 0.001 as compared with the amount of CE estimated from activity measurement (by two-way ANOVA).
regions of vulnerability in relation to aging and transient forebrain ischemia (Nakanishi et al., , 1994 Amano et al., 1995; Sastradipura et al., 1998) .
Quantification of CE and CD in hippocampus after KA treatment
Both CE and CD levels in the ipsilateral dorsal hippocampus before and after i.c.v. injection of KA were determined by activity measurement based on a combination of hemoglobin assay with quantitative immunoprecipitation and by ELISA (Fig. 3) . The ipsilateral hippocampus from normal and i.c.v. KA-treated rats at 6 h postinjection showed no detectable CE activity. At 1 day after i.c.v. KA treatment, the activity level of CE was significantly increased and lasted throughout a 7-day period: 0. In addition to activity measurement, ELISA was used to analyze quantitative changes of the protein level for CE in the CA3 hippocampal region following i.c.v. injection of KA. This protein was reproducibly detectable in the linear range between 0.01 and 10 ng per assay in the standard curve. The CE levels in various rat tissues measured by ELISA corresponded well with those determined by activity measurement, but its sensitivity was -10-fold greater than that of the latter method. The CE level in the CA3 hippocampal region of control rats was extremely low: 1.7 ng/mg of tissue protein. However, it was markedly increased by ='40-fold at 1 day after i.c.v. KA treatment (Fig. 3) and reached its maximal value (141 ng/mg of tissue protein) at 3 days postinjection. Its level was slightly decreased at 7 days, consistent with further elimination of the CA3 hippocampal neurons. The mean CE levels measured by ELISA in the CA3 hippocampal region at 1, 3, and 7 days after i.c.v. KA treatment were significantly higher than the control level (p < 0.00 1 by two-way ANOVA). It was of special importance that CE levels determined by ELISA was significantly different from those by activity measurement at 1, 3, and 7 days postinjection (p < 0.001 by two-way ANOVA). The CE levels by ELISA at 1, 3, and 7 days postinjection were 2.4-, 6.0-, and 5.1-fold higher than those estimated by activity measurement, respectively. In contrast, no significant difference in the CD levels determined by these two methods was observed throughout a experimental period after KA treatment (data not shown). These results suggest that immunoreactive but enzymatically inactive CE species might be expressed in the CA3 hippocampal region after i.c.v. KA injection.
Characterization of CE and CD expressed in CA3 hippocampal region after KA treatment
Westem blot analysis was used to detect any changes in the expression of CE and CD in the CA3 hippocampal region after i.c.v. injection of KA. No clear immunoreactive band for the anti-CE antibody was detectable in the cell extract of the CA3 hippocampal region of control rats, whereas an intense 44-kDa and a minor 28-kDa band for anti-CD antibody were observed in the same extracts (Fig. 4) . Anti-CE antibody, however, revealed a dramatic increase in level of a 54-kDa protein, as well as that of a 42-kDa protein, in the cell extract of the CA3 hippocampal region from rats at 3 days postinjection (Fig. 4A) . The 54-kDa CE species had a higher molecular mass than proCE (46 kDa), whereas the 42-kDa protein corresponded to the mature CE. Under nonreducing conditions, the 54-, 46-, and 42-kDa CE proteins showed apparent molecular masses of 106, 86, and 82 kDa, respectively, suggesting that they are homodimers. When anti-proCE antibodies were used, the cell extract of the CA3 hippocampal region from rats at 3 days postinjection of KA also produced a single band with an apparent molecular mass of 54 kDa (Fig. 4B) . Under the same conditions, no immunoreactive protein band was detectable in the cell extract of the CA3 hippocampal region of control rats. Immunoreactivity for the 44-kDa band of CD,
FIG.
4. Immunoblot analysis of CE and CD molecules expressed in the CA3 hippocampal region from control and cv. KA-treated rats. A: Immunoblotting using anti-CE lgG. Lane 1, control; lane 2, KA treatment for 3 days; lane 3, purified mature CE from the rat spleen; and lane 4, purified proCE from rat spleen. B: Immunoblotting using anti-proCE lgG. Lane 1, control; lane 2, KA treatment for 3 days; and lane 3, purified mature CE from rat spleen. C: Immunoblotting using anti-CD lgG. Lane 1, control; lane 2, KA treatment for 3 days; and lane 3, purified mature CD from the rat spleen.
corresponding to mature CD, was significantly increased at 3 days postinjection, although its extent was much smaller than that of CE (Fig. 4C) . To clarify whether the 54-kDa form of CE was able to convert to the mature 42-kDa form of CE, the CA3 hippocampal extract after 3 days was subjected to acid treatment at 40°Cand pH 3.5 for 40 mm (Fig. 5) . Under these conditions, the 46-kDa proCE was readily and completely converted to the mature form of 42 kDa, whereas the 54-kDa protein resisted conversion to the To analyze the sensitivity to conversion to the active form, cell extracts of the CA3 hippocampal region of KA-treated rats at 3 days and of normal rat spleen were incubated at 40°Cand pH 3.5 for 40 mm and then subjected to SDS-polyacrylamide gel electrophoresis under reduced conditions and immunoblotting. Lanes 1 and 2, KA-treated hippocampus extract before (lane 1) and after (lane 2) acid treatment; lanes 3 and 4, rat spleen extract before (lane 3) and after (lane 4) acid treatment; and lane 5, purified mature CE from rat spleen as a standard. 6 . Analysis of the 54-kDa CE species by two-dimensional gel electrophoresis. Two-dimensional polyacrylamide gels of cell extracts from the CA3 subfield of rat hippocampus at 3 days after icy, injection of KA were transferred to nitrocellulose membranes. Western blotting with specific antibodies to CE was performed in (A) the untreated hippocampal extract, (B) the hippocampal extract 1 day after KA treatment, and (C) purified mature CE from the rat spleen. mature form, suggesting that the 54-kDa CE protein has an enzymatically inactive conformation.
In addition, the novelty of the 54-kDa protein was further confirmed by two-dimensional immunoblot analysis (Fig. 6) . The mature CE was observed as a monomer form (42 kDa) because a relatively mild reducing condition was used in the two-dimensional analysis. The mature CE had p1 values ranging from 5.0 to 5.5 (Fig. 6C) , whereas the 54-kDa protein showed p1 values between 6.4 and 7.3 (Fig. 6B) . The normal hippocampal extract had no observable band (Fig. 6A) . These results indicate that the i.c.v. KA treatment causes production of the novel species of CE gene product in the CA3 hippocampal region.
Northern blot analysis of CE mRNA following KA treatment
To confirm the increased expression of CE and to examine whether the production of the abnormal CE species is due to gene transcriptional or translational events, mRNA levels of CE were analyzed using the 530-bp cDNA probe from EcoRI digests of the cloned plasmid (pTNO5) (Okamoto et al., 1995) in the CA3 hippocampal region from control and i.c.v. KA-treated rats, as well as normal rat spleen, where CE was normally expressed at relatively high levels. This probe revealed a single band at '-.2,000 nucleotides in the rat spleen (Fig. 7, lane 3) . No significant expression of CE mRNA was observed in the CA3 hippocampal region of control rats (Fig. 7, lane 1) , but its expression was highly induced at 3 days following i.c.v. KA treatment (Fig. 7, lane 2) . The maximal message level of CE was seen in the CA3 hippocampal region at 3 days postinjection. The size of the K A-induced CE mRNA was consistent with that of the transcript in normal rat spleen. When these observations are taken together, we conclude that the production of the novel CE species in the vulnerable CA3 hippocampal region by i.c.v. KA treatment might be due to the unusual posttranslational modification of the initial translation product of the CE gene.
Effects on primary culture of rat hippocampal neurons of exposures of GLU and PTZ and of deprivation of serum
In vitro administration of GLU (1 mM for 10 mm) to the primary culture of hippocampal neurons resulted in enhanced levels of LDH in the culture medium in a time-dependent manner. Using the level of LDH in the culture medium as a quantitative index of neuronal death, the percentages of neuronal death at 3, 6, and 9 h after GLU treatment were 14.1 ± 1.1, 28.5 ±1.2, and 58.6 ±6.6%, respectively, indicating timedependent neuronal lesion and death. To observe any association of the neuronal expression of CE with neuronal degeneration, double immunostaining with antibody to MAP2 as an immunocytochemical marker for neurons and the anti-CE antibody was used in primary cultures of hippocampal neurons. With the antibody to MAP2 we could discern morphological changes of neurons in relation to their degeneration. In the control culture, MAP2-positive neurons had oval somata and a branched dendritic arbor with relative smooth dendrites, representative of normal neuron structures (Fig.   8A ), but CE immunostaining was barely detectable in these cells (Fig. 8B) . At 6 h postexposure to GLU, neuronaldamage was clearly evidenced by morphological alterations of MAP2-positive neurons having shrunken round somata, beading of neurites, and a marked reduction of somatodendritic MAP2 immunostaining, which are characteristics of degenerating neurons (Fig. 8C) . In these degenerating neurons, CE immunostaining was dramatically increased in the somatodendritic portion as coarse granular structures (Fig. 8D) . These results are of special importance to confirm that increased expression of CE takes place in degenerating neurons in vivo. In addition, western immunoblotting data showed that the content of the 54-kDa CE species was dramatically increased in primary cultures of hippocampal neurons at 6 h postexposure to GLU (Fig. 9A, lane 2) , whereas no immunoreactive band for CE was present in the control culture (Fig.  9A, lane 1) . This GLU-induced 54-kDa CE species was identical to that expressed in the CA3 hippocampal region after i.c.v. injection of KA with respect to resistance against acid treatment (pH 3.5, 40°Cup to 60 mm; Fig. 9B ) and behavior on two-dimensional dcctrophoresis (data not shown).
Compared with GLU, administration of PTZ (20 mM for 10 mm), a chemoconvulsant known to elicit seizures but not cause neuronal death, to the primary culture of hippocampal neurons did not induce expression of CE (Fig. 9A, lane 3) . Although this agent induced oscillatory responses in the neurons, no loss of electrical activity in the neurons was observed even at 9 h after PTZ treatment (data not shown), indicating that the cells retained their viability. In contrast, deprivation of serum from the culture medium for 4 days induced expression of the abnormal CE species of 54 kDa consistent with neuronal lesion and death (Fig.  9A, lane 4) . These results strongly suggest that the increased expression of CE, especially the 54-kDa novel species, is closely associated with execution of neuronal death.
DISCUSSION
The present data demonstrated for the first time the possibility that inducible CE gene products could contribute to accelerated neuronal destruction by excitotoxins; i.c.v. injection of KA was found to cause a marked increase in content of intracellular CE at the mRNA and protein levels in the vulnerable CA3 region of the hippocampus. The enhanced CE expression was observed predominantly in neurons and partly in microghia accumulated in the respective vulnerable regions. The neurons expressing high levels of CE showed apparent morphological changes, such as a marked shrinkage of the cytoplasmic region and beading of neurites, suggesting neuronal degeneration. On the other hand, CE-positive microghial cells were considered to exhibit the activated phenotype because they had round large cell bodies with short and thickened processes. As the intracellular level of CE in the brain tissues is tightly regulated at both transcriptional and translational levels, it seems likely that the up-regulation of CE gene expression causes some structural and functional alterations in these cells. It was of special importance to note that there was a distinct difference between the protein and activity levels for CE. Western blot analysis revealed the occurrence of two major gene products for CE, the predominant l06-kDa protein (consisting of two identical 54-kDa subunits) and the minor 82-kDa protein (consisting of two identical 42-kDa subunits). It appears from biochemical data that the former undergoes unusual posttranslational modifications of proCE to generate a novel species that is not able to convert to the catalytically active form, whereas the latter corresponds to the mature enzyme. Thus, the discrepancy between protein and activity levels for CE is considered to be due to the occurrence of the novel 106-kDa protein. This protein appeared to be derived from degenerating neurons because the enhanced accumulation of the 106-kDa protein was also observed in the primary culture of hippocampal neurons in response to GLU. To determine further whether quantitative and qualitative changes of the CE expression are attributable to products of the seizures elicited by excitotoxins or whether these are specifically associated with their neurotoxic actions, we administered another chemoconvulsant, PTZ, to the same culture. This agent, like KA, is known to elicit seizures and to induce some cellular immediate-early genes such as c-fos, but it does not lead to neuronal death (Squires et al., 1984; Morgan et al., 1987) . The results clearly indicated that PTZ resulted in neither induction of the CE gene response nor its detectable cellular expression in the cells. In contrast, the neuronal death induced by serum deprivation from the culture was closely associated with increased expression of the 106-kDa protein in degenerating neurons. Therefore, it is likely that the enhanced expression of CE gene products, especially the 106-kDaprotein, is a common event in the neuronal death process.
It has been shown that in certain cell types, including neurons and microghia, CE is initially synthesized on the membrane-bound ribosomes of the endoplasmic reticulum as a monomeric form and undergoes proteolytic and glycolytic processing to form a dimeric form during transport and ultimately converts to the catalytically active enzyme in endosome-like vacuoles (Sastradipura et al., 1998) . Because the size of the CE transcript induced in the vulnerable hippocampal regions was consistent with that reported in various tissues (Azuma et al., 1992; Kageyama, 1993; Okamoto et al., 1995) and because the 106-kDa protein contains the proregion of CE, the 106-kDa protein appears to exist as a complex with other proteins, and it may be stabilized thereby in such a way to maintain an enzymatically inactive conformation during the neuronal degenerating process induced by excitotoxins. Furthermore, because proCE is known to localize in the preendosomal compartments (Sastradipura et al., 1998) , especially in the endoplasmic reticulum Finley and Kornfeld, 1994) , during transport, the I 06-kDa protein appears to be accumulated abnormally in the endoplasmic reticulum of neurons after excitotoxin treatments. Recently, cathepsin B, a lysosomal cysteine proteinase, has been reported to be significantly increased in level as the proform in the hippocampus after global ischemia (Hill et al., 1997) . The increase in procathepsin B was considered to result from a failure in posttranslational processing of the enzyme during ischemic neuronal death. Therefore, the marked accumulation of the novel l06-kDa CE species in hippocampal neurons may cause some critical defects in the endosomal/lysosomal system and ultimately lead to the disruption of normal neuronal functions, although its cellular localization remains to be established.
In contrast, the marked elevation of CE activity observed in the vulnerable regions of the hippocampus by KA treatment also appeared to reflect the stimulation of the endosomal/lysosomal proteolytic system to the execution of neuronal death, although the target proteins for CE remain to be determined. In this connection, we have recently shown that CE was markedly increased in level as the mature enzyme in both the lysosomal and soluble fractions of the cerebral cortex and the brainstem during normal senescence of the rat (Nakanishi et al., 1997) . Immunoelectron microscopic studies revealed that, in aged neurons, CE was colocalized with CD in lipofuscin-containing lysosomes, suggesting the enhanced activity of the endosomal/lysosomal system in these cells. Thus, it is likely that the increased expression of the mature CE contributes to the enhanced activity of the endosomal/lysosomal proteolytic system in damaged hippocampal neurons following KA treatment.
In contrast to CE, alterations in lysosomal CD levels in the vulnerable regions of the hippocampus in response to excitotoxic neuronal death were relatively small but evident. However, neither an increased level of proenzyme nor expression of novel species of CD was observed during excitotoxic neuronal death in the present experiment. It has also been shown that CD mRNA content increased in the hippocampus after KA treatment (Hetman et al., 1995) . It is generally thought that autophagic proteolysis is stimulated in degenerating neurons to compensate for the decreased uptake of nutrient amino acids. Therefore, the delayed increase in CD level is probably related, at least in part, to the enhanced autophagic proteolysis in affected neurons rather than directly associated with neuronaldeath. The CD level is also increased in both reactive astrocytes and activated microglia in the degenerative brain regions (Nakanishi et al., , 1994 Amano et al., 1995; Hetman et al., 1995; Nitatori et al., 1995; Sastradipura et aI., 1998) , suggesting its association with certain functions of the respective glial cells in response to neuronal degeneration.
These studies represent a first step in the characterization of CE gene products induced in degenerative neurons and activated microghia in response to neuronal death. Further evidence supporting a direct involvement of CE gene products in the neuronal death process may come from experiments in which induction of the CE gene response and the CE expression are blocked. Further characterization of the I 06-kDa protein is also necessary to clarify the molecular basis of its production. Studies along this line are in progress.
